Abstract.-Allodapine bees have long been regarded as providing useful material for examining the origins of social behavior. Previous researchers have assumed that sociality arose within the Allodapini and have linked the evolution of sociality to a transition from mass provisioning to progressive provisioning of brood. Early phylogenetic studies of allodapines were based on morphological and life-history data, but critical aspects of these studies relied on small character sets, where the polarity and coding of characters is problematic. We used nucleotide sequence data from one nuclear and two mitochondrial gene fragments to examine phylogenetic structure among nine allodapine genera. Our data set comprised 1,506 nucleotide positions, of which 402 were parsimony informative. Maximum parsimony, log determinant, and maximum likelihood analyses produced highly similar phylogenetic topologies, and all analyses indicated that the tropical African genus Macrogalea was the sister group to all other allodapines. This finding conflicts with that of previous studies, in which Compsomelissa + Halterapis formed the most basal group. Changing the basal node of the Allodapini has major consequences for understanding evolution in this tribe. Our results cast doubt on the previous hypotheses that progressive provisioning and castelike social behavior evolved among lineages leading to the extant allodapine taxa. Instead, our results suggest that mass provisioning in Halterapis is a derived feature and that social behavior is an ancestral trait for all allodapine lineages. The forms of social behavior present in extant allodapines are likely to have resulted from a long evolutionary history, which may help explain the complexity of social traits found in many allodapine bees.
Allodapine bees (family Apidae, tribe Allodapini) are most diverse and abundant in subsaharan Africa, but their distribution extends throughout the Old World tropical and austral regions, northward into temperate Asia Minor, and throughout the southern parts of this region from India eastward (Michener, 1977) . This tribe of bees is one of the most useful insect groups for examining the evolution of social behavior because (1) sociality varies widely among species and genera, allowing comparisons at multiple hierarchical levels, (2) there is substantial variation in demographic and ecological features that are likely to affect selection on social traits, and (3) many species are amenable to large-scale field experimentation, allowing statistical description of social and ecological traits . Allodapine bees differ from all other bees in that for all genera other than Halterapis, immatures are progressively and communally reared in undivided tunnels. This method of rearing leads to quite different selective factors underlying sociality than are found for mass provisioning insects (Michener, 1985) . Progressive provisioning means that immatures are dependent on the continued presence of adults for food and protection, and communal rearing means that in multifemale colonies, parental care by mothers cannot be restricted to just their own daughters but is spread to the entire brood within a nest (Schwarz, 1988) .
The range in sociality among allodapines has lead to much speculation on evolutionary transitions in social behavior from a phylogenetic perspective. Neville et al. (1998) examined several life-history traits in the Australian exoneurine genera (Exoneura, Exoneurella, Brevineura, and the parasitic genus Inquilina), and Tierney et al. (2000) argued that a high level of phylogenetic conservatism is present in the exoneurine genera for several life history traits. However, one of the most important phylogenetic hypotheses for allodapine bees concerns the evolution of progressive rearing from a mass-provisioning ancestor and the consequences of this scenario for social evolution (Michener, 1974 (Michener, , 1977 (Michener, , 1985 (Michener, , 1990b .
On the basis of morphological and brood-rearing traits, Michener (1974 Michener ( , 1977 and Reyes (1998) suggested that Compsomelissa + Halterapis form the most basal allodapine group. Halterapis mass provisions eggs once they are laid, and Compsomelissa progressively rears young larvae but mass provisions older larvae. Because bees in all other extant tribes in the Xylocopinae (Ceratinini, Xylocopini, and Manueliini) are mass provisioners, it was thought that Halterapis and Compsomelissa represented retention and partial retention, respectively, of a plesiomorphic mass provisioning trait. This scenario is supported by the fact that in the Ceratinini (the sister tribe to the Allodapini) most species remove cell partitions between immatures shortly before or after the pupal moult, whereas in the more basal tribes (Manueliini and Xylocopini), cell partitions are not removed at all or are removed by adults during pollen robbery or cell destruction involving nestmate conflict (Velthuis, 1987; Blom and Velthuis, 1988; Hogendoorn and Velthuis, 1995) . Halterapis + Compsomelissa therefore seemed to represent an intermediate stage between mass provisioning with late disruption of cell partitions, and complete progressive provisioning.
In previous studies, the phylogenetic position of Halterapis + Compsomelissa was based on only a few characters, and one of these was the trait of mass provisioning itself. However, the trait of mass provisioning as evidence for the basal position of Halterapis + Compsomelissa in the Allodapini is problematic. In all Xylocopinae other than allodapines, pollen and nectar are accumulated and worked into a pollen ball before the egg is laid, whereas in all allodapines, eggs are laid first and then provided with food. In all allodapines, pollen balls of various sizes can be provided to larvae and, in Allodapula, can even be deposited on eggs (Michener, 1971) . Thus, the kind of mass provisioning that occurs in Halterapis need not be an intermediate stage between mass provisioning and progressive provisioning, where the major evolutionary change has simply been loss of cell partitions, but rather may be a derived form of the provisioning patterns found in other allodapines.
Progressive provisioning in allodapines has been viewed as an important factor in social evolution. Studies by Michener (1971) suggested that sociality in Halterapis + Compsomelissa was either weakly developed or only involved temporary predispersal assemblages. In contrast, most other allodapines show more complex forms of sociality, suggesting that the evolution of sociality may be associated with the transition from mass to progressive provisioning (Michener, 1985 (Michener, , 1990a .
In this study, we used sequence data from one nuclear and two mitochondrial gene fragments to examine phylogenetic relationships among several key allodapine groups. Here, we discuss the implications of our results for understanding the evolution of progressive provisioning and social behavior in these bees.
METHODS

Taxa Used
We used 18 allodapine species from Africa and Australia as our ingroup. We did not include representatives from the Allodapula clade (Michener, 1977) because of problems with gene amplification, and we did not have representatives of the middle eastern genus Exoneuridia (the nesting and social biology of this group is entirely unknown). We chose two species of each of eight genera to minimize long branch effects. In addition, two Australian and two African species of Braunsapis were used because pilot analyses (unpubl.) using a larger data set for some genera indicated a deep split between these two continental groups. The tribal phylogeny of the Xylocopinae is unclear (Roig-Alsina and Michener, 1993) , although analyses indicate that Ceratinini is the sister group of the Allodapini + Boreallodapini; Boreallodapini is an extinct tribe known only from Baltic amber (Engel, 2001) . We therefore used one species from each extant nonallodapine tribe in the subfamily as outgroups. Sequences of Xylocopa bombylans were obtained from GenBank (accessions AY005222-5248, AY005249-5275) and were from studies by Leijs (2000) and Leys et al. (2000) , and sequences for Manuelia postica and Ceratina japonica were obtained by us for this study. All taxa used are listed in Table 1 , and voucher specimens of all species were deposited in the South Australian Museum.
DNA Extraction, Amplification, and Sequencing
Bees were removed from ethanol, and their thoraces were removed and pressed firmly between blotting paper several times to remove excess ethanol. DNA was extracted from entire thoraces of small bees or from half thoraces of larger bees (≥12 mm body length) using Doyle and Doyle's (1990) CTAB method. Proteinase K (10 µl) was added to the solution prior to incubation at 55
• C for 2 hr with occasional mixing. DNA pellets were resuspended in 60 µl of Millipore filtered ultrapure (mq)H 2 O and stored frozen. A 1:5 dilution in mqH 2 O of each DNA sample was used as a working stock for PCR amplifications and was stored at 4
• C. One nuclear and two mitochondrial gene regions were amplified and sequenced for the analyses presented here. For all species, we used bidirectional sequencing. For most species, we sequenced two or more specimens, but for species where specimens were scarce we used multiple extractions from one individual. The mitochondrial regions were from the protein coding genes cytochrome oxidase b (Cyt b; 429 bp sequenced) and cytochrome oxidase I (COI; 620 bp), and the nuclear region was from the gene elongation factor 1α (EF-1α; 457 bp), which encodes an enzyme involved in the GTP-dependent binding of charged tRNAs to the acceptor site of the ribosome during translation (Danforth and Ji, 1998) . EF-1α occurs as two copies, EF-1α F1 and EF-1α F2, in bees (and Drosophila), which are expressed at different stages of development (Danforth and Ji, 1998) . The F1 copy was used for the analyses presented here. The primers used for PCR amplification of the Cyt b region were designed by Y. C. Crozier (La Trobe Univ., Melbourne, Australia): cb1, 5 -TAT GTA CTA CCA TGA GGA CAA ATA TC-3 , and cb2, 5 -ATT ACA CCT CCT AAT TTA TTA GGA AT-3 . Primers used for the COI gene region were designed by D. Lunt (Lunt et al., 1996) : UEA7, 5 -TAC AGT TGG AAT AGA CGT TGA TAC-3 , and UEA10, 5 -TCC AAT GCA CTA ATC TGC CAT ATT A-3 . Primers used for the EF-1α F1 region (designed by Danforth and Ji, 1998) were EF-1For2, 5 -AAG GAG GC[C/G] CAG GAG ATG 
PCR amplification and sequencing conditions for Cyt b and COI were described by Reyes et al. (1999) . For EF-1α, PCR amplifications were carried out in 50-µl reaction volumes containing 1× PCR buffer (Promega), 3 nM MgCl 2 , 0.8 mM dNTPs, 10 pm each primer, 1 unit Taq polymerase (Promega), and 1 µl of 1:5 diluted DNA. PCR amplifications were carried out on a Corbett FTS-320 Thermal Sequencer or a PC-960G Gradient Thermal Sequencer for 35 cycles (95
• C for 45 sec; 52
• C for 45 sec, 72
• C for 60 sec), ending with an extension step at 72
• C for 6 min. PCR products were purified using Ultraclean PCR Cleanup columns (MO BIO Laboratories, Inc.), and ∼50 ng of product was sequenced in 20-µl reaction volumes using the BigDye Sequencing Ready Reaction kit (Applied Biosystems), with the original PCR primers used as sequencing primers. Reaction products were purified by isopropanol precipitation and sequenced on a capillary DNA sequencer.
Forward and reverse sequences were compared for each gene fragment, and sequences were manually edited and aligned using SeqEd 1.03 (Applied Biosystems). Codon triplets were converted to amino acid acids using SeAl 1.0a (© A. Rambaut, 1996) . Reyes et al. (1999) and Leys et al. (2000) examined nucleotide composition bias for Cyt b and COI in the tribes Allodapini and Xylocopini and found strong AT richness, with possible saturation for third codon positions, a problem common to some other hymenopteran groups (Jermiin and Crozier, 1994; Danforth, 1999) . Because of this bias, Reyes et al. (1999) recommended downweighting transitions relative to transversions. Leys et al. (2000) found similar saturation problems and weighted transitions by zero and explored differential weighting of transversions. Saturation can be particularly problematic if some older or more quickly evolving clades have few or no branches, leading to long branch attraction. We therefore explored the effect of differential weighting of mtDNA third codon positions for maximum parsimony (MP) analyses by assigning weights of 0.5 and 0.1 to third mtDNA postition transitions and by omitting third mtDNA position transitions entirely while differentially weighting transversions. We also tried removing third positions entirely from all three gene fragments to examine whether nonstationarity at third positions strongly affected tree topology. We then carried out MP analyses on amino acids, using a protein parsimony scheme where costs are greater for nonadjacent amino acid substitutions. The cost matrix for this analysis was calculated using MacClade (Maddison and Maddison, 1992) and implemented in PAUP * 4.10b (Swofford, 1999) .
Phylogenetic Techniques
Combinability of the three gene partitions was explored using the incongruence length difference (ILD) test implemented in PAUP * 4.10b. However, Cunningham (1997) cautioned that using P values from ILD tests to decide whether partitions share congruent histories is problematic. Dowton and Austin (2002) cast strong doubt on their interpretation when partitions are of unequal size or differentially weighted, and Barker and Lutzoni (2002) argued that the ILD is also not reliable in assessing combinability of partitions. Dowton and Austin (2002) recommended that, given these problems, phylogenetic analyses should cover a range of models to explore which relationships are robust to changing weights and partitions. Our approach here facilitates this exploration.
MP analyses were carried out using heuristic searches and the TBR method implemented in PAUP * 4.8-10b (Swofford, 1999) , with 100 random sequence additions to discover the most-parsimonious trees. Bootstrapping with 1,000 pseudoreplicates and 100 random sequence additions per pseudoreplicate was used to investigate support for each node in these analyses. Consistency indices (CIs) and retention indices (RIs) were used as measures of fit.
Log determinant (logDet) distance analysis (Lockhart et al., 1994) is relatively robust to varying base compositions among clades, and we therefore used this analysis to examine whether nonstationarity at third mtDNA positions may have influenced estimation of topologies under MP. We used an unweighted least squares objective function as implemented in PAUP * 4.10b. Prior to the logDet analysis, we estimated the proportion of invariant sites using a maximum likelihood (ML) analysis with the general time-reversible model + invariant sites (GTR + I) to determine the proportion of sites to be excluded (Swofford et al., 1996) .
Nucleotide data were also subjected to several kinds of ML analyses. First, we carried out an ML analysis where gene fragments were partitioned when estimating model parameters. COI and Cyt b had different substitution rates for both allodapines and xylocopines (Reyes et al., 1999; Leys et al., 2000) , and EF-1α differed from both of these genes in base composition. Because EF-1α is a nuclear gene, it was also likely to show different substitution parameters. Currently available computer programs for ML analyses do not allow effective tree searching for situations where substitution models for multiple gene partitions are fitted concurrently with tree optimization for moderate to large numbers of taxa. Instead, we used a nested series of log-likelihood ratio tests applied to 56 alternative substitution models (implemented with Posada and Crandall's, 1998, Modeltest 3.06 program) for each of the three gene fragments in our study. This approach allowed different ML models to be fitted to each of the gene fragments. We then obtained the 2,500 most-parsimonious trees under an MP search where mtDNA third position transitions were weighted by zero and transversions were weighted by 1.0 and used the models suggested by Modeltest for each of the COI, Cyt b, and EF-1α partitions to calculate loglikelihood values for each partition model for each tree. The log-likelihood values for each model for its partition were summed for each tree, and this value was used to measure relative fit of all 2,500 trees to the partitioned likelihoods.
Second, we implemented Posada and Crandall's (1998) Modeltest 3.06 to find a best fit model for all gene fragments combined. Parameters for this model (GTR + I + gamma distribution [ ]) were then estimated using a heuristic search implemented with PAUP * 4.10b and the best tree from the partitioned analysis above as a starting tree. This starting tree was almost identical to the best logDet tree and MP trees. Once model parameters had been estimated, they were then used to search for an optimal tree. Initial analyses indicated that full heuristic searches starting with random stepwise addition sequences converged on a tree that had a lower log likelihood than when the model was fitted to the starting tree, suggesting that searches may have become trapped in local optima. To avoid this trap, we undertook heuristic searches with a set of starting trees determined as follows. Three different MP analyses, weighting all sites equally and weighting transitions for mitochondrial third codon positions by zero, were performed, but tree topology was (1) unconstrained, (2) constrained to a topology with Macrogalea as the basal group, or (3) constrained to a topology with Compsomelissa + Halterapis as the basal group. The 10 best MP trees from each constraint condition were then used as a combined set of starting trees, with swapping on all trees for full heuristic searches, although 9 of the unconstrained trees were identical to those with a basal Compsomelissa, leading to a total of 21 starting trees. Following this heuristic search, bootstrap support for tree nodes was estimated using 200 bootstrap pseudoreplicates with 10 randomaddition sequences.
Deciding which ML model is most appropriate for data sets can be problematic (Buckley et al., 2002) , and applying models to sites whose evolutionary dynamics are different from those of the model can lead to misleading outcomes. We therefore followed suggestions from several studies (Buckley et al., 2001 (Buckley et al., , 2002 Dowton and Austin, 2002 ) that robustness of topological features of interest be explored under different models and partitions. Therefore, in addition to the approaches already described, we implemented the following model/partition schemes: (1) an HKY85 + I + (Hasegawa et al., 1985) model to the combined data set, (2) a GTR + I model to the combined data set, (3) a GTR + I + model to the combined data set but excluding mtDNA third codon positions, (4) a GTR + I + model applied to COI and Cyt b combined, and (5) a K80 + I + (Kimura, 1980 ) model applied to EF-1α. The two latter models were chosen on the basis of hierarchical log-likelihood ratio tests applied to the respective partitions. For each of these analyses, model parameters were estimated using heuristic searches with the same starting tree suggested by our partitioned ML analysis, and tree searching was based on the same set of 21 starting trees. Support for nodes was estimated using 200 bootstrap pseudoreplicates with 10 random sequence addition replicates. We did not explore models that assumed equal transition:transversion ratios, equal base pair frequencies, or no invariant sites because these assumptions were clearly contradicted by patterns in our data set. We also undertook two GTR + SSR (site-specific rates) (Swofford et al., 1996) analyses where data were partitioned into nine partitions comprising first, second, and third codon positions separately for each of the three genes and three partitions comprising first, second, and third codon positions for the combined gene fragments. Bootstrap support for nodes was not estimated for SSR models because these models tend to falsely inflate support for nodes (Buckley et al., 2001) .
All of our ML analyses except two suggested that Macrogalea was the sister group to all other allodapines, whereas Michener (1974 Michener ( , 1977 and Reyes (1998) both suggested that Compsomelissa + Halterapis formed the most basal allodapine clade. We assessed the relative support for these two hypotheses (referred to here as the Macrogalea-basal and Compsomelissa-basal hypotheses) in several ways. First, we compared tree lengths (TLs), CIs, and RIs between our Macrogalea-basal MP tree and an MP tree where Compsomelissa + Halterapis was constrained as the sister group to the remaining allodapine taxa. For this constrained analysis, best-fit trees were generated using a heuristic search with 100 random additions. We also used partial Bremer support indices (Bremer, 1988) implemented using the TreeRot program (Sorenson, 1999) to examine support for the node separating each of the alternative basal groups from the remaining taxa under the two constraints. Although Bremer support indices do not readily permit inferences of statistical significance, partial decay indices can be used to examine whether support for particular nodes is concordant among character partitions. We used two partition sets: one separating the three gene fragments and the other considering first, second, and third codon positions pooled across the three genes. We also used the Kishino-Hasegawa (1989) (K-H) test to examine the relative fit of Reyes' morphological data set to the Macrogalea-basal and Compsomelissa-basal hypotheses. This test is not appropriate for comparing topologies where one hypothesis is a best-fit tree derived from the same data set used for the K-H comparison (Goldman et al., 2000) . However, we used the K-H test to compare Michener's (1974 Michener's ( , 1977 hypothesis with ours, using Reyes' study as a source of independent data.
RESULTS
Base Pair Composition and Possible Saturation
Our PCR fragments allowed us to recover 620 aligned sites for COI, 429 sites for Cyt b, and 457 sites for EF-1α, of which 369, 237, and 339 were invariant and of which 79, 46, and 34 were parsimony uninformative, respectively. This left a total of 402 parsimony-informative characters. Sequences are lodged with GenBank (accessions AJ416759-AJ416850). Base pair compositions are summarized in Table 2 , which also gives A-T richness values and χ 2 tests for nucleotide bias among taxa. Nucleotide composition was A-T rich for all mitochondrial positions and was extremely rich for third positions. Base pair composition did not differ significantly among taxa for first and second positions and when all codon positions were pooled for each gene fragment but was significantly different for all gene regions at third positions. Base pair observed and expected frequencies were examined to determine the main sources of deviation from homogeneity, and these sources involved different taxa for each gene fragment. For COI and Cyt b third positions, deviations from expected frequencies did not appear to follow any taxonomic structure. However, for third positions in EF-1α, two of the outgroup taxa, Xylocopa bombylans and Ceratina japonica, had substantially higher G+C content (0.9407) than did the remaining taxa (0.6703). When X. bombylans and C. japonica were removed from the data set, a χ 2 test indicated no heterogeneity in nucleotide composition among remaining taxa (χ 2 54 = 29.048, P = 0.9978).
We examined codon positions for possible saturation of transitions and transversions using plots of uncorrected p distances against Tamura-Nei distances (Tamura and Nei, 1993) for each gene fragment. Plots of first, second, and third codon positions of Cyt b and COI very closely resembled those given by Reyes et al. (1999) and Leys et al. (2000) , which is not surprising because both those studies covered a taxonomic range similar to that in our study. Our plots indicated no saturation problems for the first two codon positions but likely saturation problems for third positions of both genes. We also examined transitions and transversions for EF-1α. Second positions were invariant across all taxa. Uncorrected p distances were plotted against TamuraNei distances for both transitions and transversions for first and third positions, and this plot indicated patterns similar to those found by Leijs (2000) , suggesting that saturation is unlikely to be a substantial problem.
Maximum Parsimony Analyses
We began MP analyses by including all codon positions for all gene fragments, with equal weighting for all characters. This analysis resulted in two mostparsimonious trees, differing only in the relative position of Compsomelissa and Halterapis; in tree 1 Compsomelissa was the sister group to (Halterapis + (Allodape + Braunsapis), and in tree 2 Compsomelissa + Halterapis was the sister group to Allodape + Braunsapis. Tree 2 did not differ in topology from those trees produced by subsequent analyses employing different weighting or exclusion schemes for third codon transitions and transversions, except that the later analyses often resulted in the collapse of some nodes into polytomies under a 50% majority rule. The unweighted analysis is summarized in Figure 1 as a cladogram of tree 2 with nodes numbered to allow comparisons of bootstrap values for subsequent analyses. The CI, RI, and bootstrap support for each node for the unweighted and weighted analyses are given in Table 3 . The unweighted and all subsequent weighted analyses gave bootstrap supports between 96% and 100% for node 1 (monophyly of allodapines), so this node is not included in Table 3 .
Zero weighting of third position mitochondrial transitions tended to marginally increase bootstrap values FIGURE 1. Cladogram of allodapine taxa based on maximum parsimony analyses of combined EF-1α, COI, and Cyt b gene fragments. Nodes are numbered for reference to other analyses summarized in Table 3 . for some nodes and gave a fully resolved tree under a 50% majority support rule (although with mostly very low support for bifurcations among genera other than Macrogalea). We then tried weighting third codon mitochondrial positions differently from other positions but with transitions excluded. Third position weights of 0.5 gave a fully resolved tree that was identical in topology to the tree resulting from omission of transitions (Table 3) , although with increased bootstrap support for the node indicating Macrogalea as the sister group to all other allodapines. Downweighting of third positions to 0.1 tended to reduce nodal support, suggesting that some informative signal may have been ommitted. Our MP analyses may have suffered from nonstationarity and multiple hits at third positions; therefore, we examined the effect of removing third codon positions from all three genes. This analysis resulted in a single mostparsimonious tree identical to that in Figure 1 except that Brevineura was placed as the sister group to Braunsapis, which is biologically implausible in terms of biogeography and adult and larval morphology. Bootstrap analysis marginally increased support for the sister-group relationship between Macrogalea and the remaining allodapine taxa but resulted in the loss of support under a 50% majority rule for most other nodes involving bifurcations among generic groups.
The protein parsimony analysis based on pooled genes produced four equally parsimonious trees. All had Macrogalea as sister group to the remaining allodapines but otherwise produced some biologically implausible topologies with Brevineura being placed as a sister clade to Braunsapis or with Braunsapis as the next most basal clade after Macrogalea. Bootstrap analysis provided substantially lower support for many nodes compared with the nucleotide-based analyses (Table 3) but moderate support for the basal position of Macrogalea. This result is not surprising given that amino acid sequences ignore some signal that may be informative, especially for more recent divergences.
The above results indicate the successive downweighting and exclusion of third position data tended to improve support for the node indicating that Macrogalea is the sister group to all other allodapines but tended to erode support for intermediate nodes. This finding strongly suggests that the recovered position of Macrogalea is not due to signal erosion in the quickly evolving third codon positions, but the decreasing resolution of intermediate nodes suggests that informative signal for more recent divergences was being discarded. Concordant results from MP analyses suggest that the sistergroup relationship between Macrogalea and the remaining allodapines is robust to different weighting schemes.
LogDeterminant Analyses
LogDet analysis was performed with inclusion of all gene fragments. A GTR + I ML analysis applied to all fragments combined suggested a proportion of 0.427 invariant sites, and this proportion of sites was removed proportionally to base frequencies over all sites. To investigate the possible effect of signal degradation at third mtDNA positions, these positions were weighted at both 1.0 and 0.1. Both logDet analyses returned a single most-parsimonious tree with a topology identical to that of tree 2 (Fig. 1) from the MP analyses, and bootstrap values are indicated in Table 3 . Bootstrap support for nondistal nodes tended to be lower than those for MP analyses, although support for more basal nodes increased when lower weight was given to third mtDNA positions, consistent with expectations that multiple hits reduce informative signal at these quickly evolving sites. . When these models were fitted to the 2,500 most parsimonious trees from the MP analyses, the summed likelihood scores ranged from 8490.13511 to 8697.22715. The tree with the lowest combined likelihood score was identical in topology to the MP tree 2 and the logDet tree, with the exception that Exoneurella was placed as the sister group to Brevineura rather than to Exoneura + Inquilina. Of the 2,500 most parsimonious trees resulting from the MP analysis, only 4 were consistent with a Compsomelissa-basal hypothesis, and in terms of summed likelihood scores these trees were ranked 102, 157, 405, and 436, with summed scores ranging from 8501.834 to 8518.025. Of the 101 trees with lower summed scores than the first ranked tree consistent with a Compsomelissa-basal topology, 78 had Macrogalea as the most basal allodapine clade. Although these analyses do not allow statistical significance to be attached to particular topologies, they indicate that a partitioned ML approach to our data supports a basal position for Macrogalea more strongly than they support a basal position for Compsomelissa + Halterapis.
Maximum Likelihood Analyses
Log-likelihood criteria implemented by Modeltest 3.06 for the combined gene fragments suggested that a GTR + I + model was most appropriate for our data set, with shape = 0.8452 and p(inv) = 0.4321. The best-fit ML tree is shown in Figure 2 as a phylogram and was identical in topology to the best partitioned ML tree. Bootstrap values >50% for nodes in this analysis are indicated in Table 4 . Nodes indicating the basal position of Macrogalea within the allodapines and resolution of the nonparasitic exoneurine genera all had <50% support, and the node indicating monophyly of Allodape and Braunsapis had very weak support.
Model types and log likelihoods of optimal trees for each of the remaining single model analyses are given in Table 4 . The GTR + I analysis for the combined data set recovered Macrogalea as a sister group to Exoneurella with a very long branch leading to the Macrogalea species, but the next best tree with only a marginally different log-likelihood score (8729.3920 vs. 8729.4493) was SYSTEMATIC BIOLOGY VOL. 52 FIGURE 2. Phylogram of allodapine taxa based on a GTR + I + maximum likelihood model applied to combined data from COI, Cyt b, and EF-1α. topologically identical to the tree in Figure 2 . A sistergroup relationship between Macrogalea and Exoneurella is biologically highly unlikely. The HKY + I + analysis for the combined data and the GTR + I + analysis for the COI + Cyt b data both gave trees with topologies identical to those of the trees from the GTR + I + combined data analysis. The analysis restricted to EF-1α was based on a K80 + I + model and lead to a topology that was biologically implausible, in that the outgroup clades Xylocopa + Ceratina and Manuelia were split and recovered as sister groups to species within Allodape and Brevineura, respectively. This result is probably due to the Table 4 . Both of the GTR + SSR models lead to optimal trees with topologies identical to those of the tree in Figure 2 .
Support for Macrogalea-Basal and Compsomelissa-Basal Topologies
Michener (1977) used nonstatistical cladistic arguments, based on 16 morphological characters and 14 behavioral/developmental characters, to propose that Compsomelissa + Halterapis formed the sister group to all other allodapines. Manuelia and Ceratina were used as outgroups, and his phylogeny is summarized in Figure 3a . Two of Michener's characters supported Compsomelissa + Halterapis as the most basal allodapine clade: the presence of hairs on larvae (absent in Halterapis and Compsomelissa) and progressive provisioning (although Compsomelissa shows progressive provisioning of young larvae with later provision of large pollen balls as larvae develop). Michener also undertook separate phenetic analyses of a much larger data set comprising 54 larval characters, 46 pupal characters, 144 external adult characters, and 25 male genitalic characters. Taxa were nested into hierarchical groups based on Euclidean and distance coefficients estimated separately for each character set. These analyses suggested discordance among the character sets. However, no analyses grouped Macrogalea with any other group, but for two data sets (pupal characters and external adult characters) all taxa other than the parasitic Eucondylops were grouped together to the exclusion of Macrogalea.
The characters used in the cladistic analysis to support the basal position of Compsomelissa + Halterapis, rather than Macrogalea, may be ambiguous in their interpretation. First, larval hairs in allodapines show great diversity in form, but the hairs in Macrogalea are very different from those in all other genera. In Macrogalea, hairs are very short and often dorsally hooked and occur evenly and densely over the entire body, whereas in other genera (except Halterapis and Compsomelissa, which lack hairs entirely) they are much more sparse, very uneven in length, not hooked, and nonuniformly distributed. Michener (1977) noted that the presence of hairs in Macrogalea could represent an independent origin of larval hairs, and Reyes (1998) considered the body hairs of Macrogalea to be a unique derived feature. Second, true mass provisioning, where all required food is provided as a single pollen mass, occurs in Halterapis, whereas young larvae of Compsomelissa are progressively provisioned. Monophyly of these two groups is strongly supported by genitalic and larval traits, so that Michener's (1977) tree requires two origins of progressive rearing in allodapines. More importantly, mass provisioning of larvae in Halterapis is not a simple retention of an ancestral trait, because all other Xylocopinae provide complete provisions before an egg is laid, whereas in allodapines (including Compsomelissa and Halterapis) eggs are laid before being provisioned. Pollen storage before, during, and after egg laying occurs in other allodapine genera (Michener, 1971; Schwarz, 1986; Neville et al., 1998; Hurst, 2002; Schwarz, Bull, and Tierney, pers. obs.) , and provision of small pollen masses to eggs occurs in Allodapula, so it is feasible that provision of large pollen balls to eggs and larvae could be a derived trait in Halterapis and Compsomelissa. Reyes (1998) examined the phylogeny of allodapines using numerical phylogenetic techniques applied to 20 morphological traits (9 larval and 11 adult characters) and 2 life-history characters. His outgroup comprised a single hypothetical ancestor combining traits of the tribes Ceratinini, Xylocopini, and Manueliini. Reyes' outgroup was scored as monomorphic for all 22 characters in his analysis. Eighteen of his characters were multistate, and five characters had ordered states. Using a branch-and-bound MP search, Reyes obtained eight equally parsimonious trees differing only in the ordering of nodes within the Halterapis + Compsomelissa and Australian exoneurine groups. His preferred topology is given in Figure 3b . Reyes' topology differed from that of Michener (1977) in only minor respects; the principal difference (excluding Effractapis and Exoneuridia, which were not considered by Michener) is that the Macrogalea was recovered as the sister group of the exoneurines and Michener's subbasal polytomy was therefore resolved.
Although Reyes included four genera from the Allodapula group (Allodapulodes, Dalloapula, Allodapula, and Eucondylops), we do not have sequence data for all gene fragments for species in this group. We therefore explored whether exclusion of these species from Reyes' analyses would have altered the relative positions of the remaining taxa. We used Reyes' data set, excluding the Allodapula group, subjected them to the same branch-and-bound MP analyses, and obtained four equally parsimonious trees, which varied only in the position of nodes within Halterapis + Compsomelissa and within the Australian exoneurine group. The strict consensus tree did not differ from Reyes' tree except for the missing taxa and the collapse of the exoneurine genera into a polytomy. This finding suggests that omission of the Allodapula group in our sequence data set would not invalidate comparison of our trees with those of Reyes, and therefore we used Reyes' complete data set to explore support for the Macrogalea-basal and Compsomelissa-basal topologies.
We explored the support of Reyes' data for Compsomelissa-basal and Macrogalea-basal topologies in two ways: (1) comparison of TLs, RIs, and CIs and (2) use of the K-H test. MP analyses were constrained to each of the basal clade hypotheses, and data were analyzed using heuristic searches with 100 random addition sequences. Our Compsomelissa-basal constraint analysis gave the same eight equally parsimonious trees (TL = 71, CI = 0.803, RI = 0.878) as the branch-and-bound method used by Reyes, and our Macrogalea-basal constraint gave 12 equally parsimonious trees (TL = 75, CI = 0.760, RI = 0.843). The K-H test did not indicate a significant difference in fit of data to these two topology groups (t = 1.702, P = 0.104), indicating that Reyes' data do not offer significant support in favor of either hypothesis, although tree lengths are shorter for the Compsomelissa-basal trees.
The characters primarily contributing to the shorter tree lengths for the Compsomelissa-basal topology were (1) presence of hairs on head of larvae, (2) form of the forewing vein Cu1, (3) form of the dorsal branch of the gonostylus, (4) shape of the penis valve, and (5) the trait of mass provisioning. However, there may be some problems in how these characters were coded. First, the head hairs on Macrogalea have the same size and density as body hairs, which are unique among allodapines in their even distribution, size, and high density, and Reyes considered this to be characteristic a unique derived feature of Macrogalea. The strong similarity between head and body hairs in Macrogalea and their marked difference from other allodapines suggests that head-and body-hair features in this genus should probably be regarded as a single character. Reyes' coding of head hairs in Macrogalea as being the same as for the Exoneura group (which has sparsely and unevenly distributed long hairs) does not reflect the strong dissimilarity between these taxa and may also duplicate the body hair character for Macrogalea. Second, in Exoneurella, Brevineura, and Exoneuridia, wing vein Cu1 extends as a very short, abruptly terminating vein extending from the base of vein Cu, and the second recurrent vein is absent. However, in all specimens of Macrogalea candida and M. zanzibarica that we examined, the second recurrent vein is present and Cu1 extends to the second recurrent vein and then tapers towards the wing margin. It is therefore impossible for Cu1 to have the same form as for Exoneurella, Brevineura, and Exoneuridia, and Reyes' coding must be in error. Third, the ventral gonostylus in allodapines is highly variable and sometimes absent, and it is not clear that it can be readily categorized into only three ordered states. The gonostylus of Macrogalea has a radically different morphology from that seen in the Exoneura group (with which it was grouped by Reyes in character state coding), and in size it falls within the range shown by Allodapula. Fourth, the form of the penis valve was grouped into three categories encompassing size, shape, and presence/absence of coarse hairs or pegs, although all of these features are highly variable within and between genera. Although absence of stout pegs was regarded by Reyes as a derived feature for Braunsapis and treated as a separate state, pegs are also absent in Macrogalea, but the state assigned for this genus was based on penis valve size, and absence of pegs was disregarded. Thus, there is conflict between different features of the one character, and this conflict is not reflected in codification. Fifth, mass provisioning in Halterapis is not equivalent to mass provisioning in outgroup taxa, so identical coding of this character for Halterapis and the outgroup is problematic. When Reyes' data set was modified in line with the above observations and with the ventral gonostylus regarded as an unordered character, heuristic searches produced 36 equally parsimonious trees, with Macrogalea and Compsomelissa + Halterapis forming a polytomy with the remaining taxa under a 50% majority rule.
We examined the relative support of our nucleotide data for the Macrogalea-basal and Compsomelissa-basal hypotheses by comparing TLs, CIs, RIs, and partial Bremer support indices for each of the character partitions (Table 5 ). CIs and RIs were consistently higher and TLs were consistently lower for the Macrogalea-basal trees, although it is not possible to assess the significance of the observed differences. Bremer support indices indicated consistent support for the Macrogalea-basal (M basal) and Compsomelissa-basal (C basal) constraint trees using maximum parsimony analyses based on sequence data under various character exclusion and weighting schemes summarized in Table 3 . Taxa were either unconstrained (leading to the Macrogalea-basal topology) or constrained to a Compsomelissa-basal tree of outgroup + ((Compsomelissa + Halterapis) + all remaining taxa). Partial Bremer support indices were calculated for two character partition sets, one involving the three gene fragments and the other involving codon positions pooled over the three gene fragments. Table 5 indicates that support for the Macrogalea-basal topology is provided by all gene fragments and codon positions, but no support was found for the Compsomelissa-basal hypothesis. Similar results were found for MP analyses based on amino acids, but with lower support indices for the mitochondrial genes. DISCUSSION MP analyses of our combined sequence data show various levels of support for basal and distal nodes, depending on character exclusion and weighting schemes. Downweighting third mtDNA substitutions and excluding third codon positions sites entirely tended to (1) increase support for the node indicating a sister-group relationship between Macrogalea and other allodapines, (2) have little or no effect on the most distal nodes, but (3) reduce support for intermediate nodes (mostly generic level bifurcations). This result is not surprising given previous studies indicating saturation problems for COI and Cyt b third codon positions for xylocopine taxa spanning deep divergences, where overwriting for quickly evolving sites is likely to erode signal, and argues against long-branch effects being responsible for the positioning of Macrogalea.
Combinability of gene partitions is difficult to assess for our data set using the ILD test (Barker and Lutzoni, 2002; Dowton and Austin, 2002) . However, nearly all weighting schemes in our MP analyses returned highly similar topologies, with Macrogalea as the sister group to the remaining allodapine taxa, suggesting that our results are robust to possible incongruence among the partitions explored. Although we found heterogeneity in base composition for third codon positions among some taxa, logDet analyses, which are relatively robust to nonstationarity (Lockhart et al., 1994) , yielded a tree with topology identical to that of the trees from most MP analyses, suggesting that the basal position of Macrogalea and the positions of most other genera are unlikely to have resulted from possible convergence in base pair composition across clades.
Two difficulties arose in applying ML analysis to our data. First, we were unable to simultaneously optimize trees while fitting different ML models to our three gene fragments, and applying ML models to partitions that evolve in quite different ways can lead to misleading results. To reduce this problem, we used a partitioned ML approach and explored the effects of fitting different models to the combined data set and to several partitions. Most ML analyses converged on trees with identical topologies, which differed in only minor ways from the best logDet and MP trees, suggesting that this topology is robust to various model assumptions. The second problem involved low bootstrap support for basal and intermediate nodes in the topology. ML bootstrap support for the node indicating Macrogalea as the most basal allodapine clade was generally very low, in strong contrast to the result of MP analyses. Low bootstrap support for this node is noteworthy, given that most analyses converged on highly congruent topologies. Two not mutually exclusive possibilities exist for this outcome. ML analyses can be problematic if heterogeneity in the evolutionary dynamics of some sites is not reflected in the applied model. Because bootstrap pseudoreplicates are based on only a subset of the entire data used to estimate the model, the potentially misleading effects of mismatch between the model and sites whose evolutionary histories do not conform to the model will be amplified in bootstrap analysis. This problem may be important for our study, where total sequence length is not large and where the gene and codon position partitions are likely to evolve under quite different patterns. The second possibility arises from the tendency of our ML analyses to converge on nonoptimal trees during heuristic searches. We countered this tendency by using a set of 21 starting trees with very different basal bifurcation sequences. However, use of multiple starting trees or retention of multiple trees for swapping during searches cannot be implemented for bootstrap analyses in PAUP * 4.10b, making it possible that pseudoreplicate heuristic searches became trapped in local optima.
Our best fit trees had topologies very similar to that of Reyes' preferred tree (disregarding missing taxa and the relative positions of Brevineura and Exoneurella), except for where the trees were rooted. Because the rooting of these trees has a critical effect on how the evolution of progressive rearing and sociality in this group is interpreted, it is important to consider the relative support for the two hypotheses regarding the most basal allodapine clade.
Relative Support for the Compsomelissa-Basal
and Macrogalea-Basal Hypotheses At least three major problems can arise when using morphological data for phylogenetic analyses: (1) codifying complex morphological characters into discrete states can be problematic when states are interval parameters, leading to the problem of deciding how interval characters can be partitioned, e.g., how "curled" is a particular feature; (2) decomposing complex features into discrete characters is difficult when it is not clear that the characters are independent or when dependence is mechanically forced or contingent; and (3) distinguishing homoplasies from synapomorphies is difficult where character states could be subject to convergence. These problems are potentially severe when the number of characters is small. Reconsideration of morphology data sets showed that all of these problems affect at least some of the characters used in previous inferences of allodapine phylogeny. Although nucleotide data also present problems (Swofford et al., 1996) , the availability of large character sets, clearer methods for codification, and more overt models for evolutionary change provide some large benefits.
Except for some partitions where variant character sets were relatively small in number, MP, logDet, and ML trees consistently positioned Macrogalea as the most basal allodapine taxon, and bootstrap support for this node under MP analyses was mostly very high. Bootstrap support for the more basal nodes generally increased when mtDNA third position transitions and mtDNA third positions entirely were excluded, suggesting that longbranch effects are unlikely to contribute to the recovered position of Macrogalea. Partial Bremer decay indices indicated that the sister position of Macrogalea was supported by all gene and codon position partitions, but none of these supported Compsomelissa + Halterapis as the most basal group. Application of the K-H test to Reyes' data set indicated no significant difference in support for the Macrogalea-basal and Compsomelissa-basal hypotheses.
Implications of a Macrogalea-Basal Phylogeny
The traditional view that Compsomelissa + Halterapis forms the most basal allodapine clade has influenced the perception of evolutionary trends in the Allodapini in two major ways: (1) mass provisioning in Halterapis has been viewed as a plesiomorphic trait and (2) the predominantly solitary behavior of Compsomelissa and Halterapis has been viewed as a plesiomorphic trait, with social complexity in remaining taxa being a derived feature apparently associated with the release from mass provisioning. However, these two paradigms change when Macrogalea is considered the sister group to all other allodapine taxa.
Mass provisioning.-The idea that mass provisioning in Halterapis represents retention of a plesiomorphic trait, by virtue that nearly all other bees are mass provisioners, does not consider the fact that the order of food accumulation and oviposition is reversed in all allodapines compared with other bees (excepting some corbiculates), where the entire food mass required for larval development is acquired and worked into a single mass before oviposition occurs. Mass provisioning in Halterapis and partial mass provisioning in Compsomelissa is therefore very different from mass provisioning in other bee taxa. Some other allodapine taxa, such as Exoneura and Allodapula, provide large pollen masses for older developing larvae, and in some Allodapula species small pollen masses can be attached to eggs before larval eclosion occurs (Michener, 1971; pers. obs.) . The evolution of partial and complete mass provisioning in Compsomelissa and Halterapis, respectively, does not present special problems for our Macrogalea-basal scenario and could have evolved as a more extreme form of partial egg provisioning in an Allodapula-like ancestor or as a modification of life cycles where only older larvae are provided with large pollen balls.
Sociality.-The notion of Halterapis + Compsomelissa as the basal allodapine clade coincided with early studies reporting little or no social organization in these genera (Michener, 1971) . These findings seemed to suggest that the evolution of sociality, or at least its elaboration into an organization involving castelike behavior, was associated with the transition from mass provisioning to progressive provisioning (Michener, 1974 (Michener, , 1977 ). Michener's (1971) study of African allodapines suggested weak or no sociality in Halterapis nigrinervis, and when more than one adult female was present, usually only one had full pigmentation, suggesting that multifemale associations comprised a mother and adult daughters that were yet to disperse or to inherit their natal nest.
An early study (Michener, 1971 ) based on small sample sizes of Macrogalea candida indicated very small colony sizes and at most only weak sociality. More recently, Tierney et al. (2002) found that M. zanzibarica had a mean of 2.1 females per nest (range = 1-10 females). Patterns of per capita brood production indicated substantial benefits for colonial nesting. They also found extremely female-biased sex allocation ratios and determined that reproductive skew is linked to relative size of nestmates. A sample of 39 colonies of the recently described Malagasy species, Macrogalea scaevolae (Pauly et al., 2001 ) had a mean of 1.9 females per nest (range = 1-6) and colony demographics very similar to those of M. zanzibarica, indicating that sociality in Macrogalea is not restricted to M. zanzibarica.
The existence of social behavior involving alloparental care in all nonparasitic allodapine groups other than Halterapis + Compsomelissa (where sociality is possible but not yet resolved) and Exoneuridia (where colonies have never been reported) suggests that sociality is an ancestral trait for this tribe. Alternative scenarios, involving multiple origins of sociality among the extant lineages, would be less parsimonious and difficult to sustain. Two major consequences arise from this hypothesis. First, because the origin of social behavior is likely to have preceded divergence of the extant lineages, it is not possible to use comparisons among allodapines to explore selective factors underlying the initial origin of social behavior. If sociality in Halterapis were indeed absent, this absence would most likely represent a loss of sociality. Second, the forms of social behavior in extant allodapine lineages are likely to have been shaped by a very long evolutionary history, predating the divergence between Macrogalea and the rest of the tribe. Michener (1985) argued that the transition from subsociality to eusociality in allodapines could have entailed comparatively few behavioral or life-history changes. Predispersal assemblages of mothers and their adult daughters are known from all allodapine species and may be a consequence of the long adult lifespans required by progressive brood rearing. The evolution of eusociality based on matrifilial overlap might have therefore only required delayed dispersal with an early onset of brood-rearing behavior by daughters while parental females continued reproduction. This behavior could lead to the evolution of eusociality without the need for intervening species representing successive major evolutionary steps. However, if castelike behavior evolved before the divergence leading to Macrogalea and the remaining extant allodapine lineages, Michener's (1985) scenario is precluded for all extant clades. Instead, sociality in extant allodapines is likely to have involved the elaboration of castelike behaviors established before the extant lineages diverged.
The ancient origin of allodapine sociality proposed here is concordant with several recent studies indicating that sociality in some allodapine genera is much more complex than had been anticipated. These studies indicated sophisticated kin recognition (Schwarz, 1987; Schwarz and Blows, 1991; Bull and Adams, 2000) , pheromonal mediation of reproductive hierarchies (O'Keefe and Schwarz, 1990) , the ability of queens to detect whether subordinate nestmates have been in contact with unfamiliar males , the existence of morphological and size-based castes (Houston, 1977; Tierney et al., 1997; Hurst, 2002) , and complex patterns of sex allocation bias (Schwarz, 1988 (Schwarz, , 1994 Bull and Schwarz, 2001 ). An ancient origin of sociality in allodapines would mean that extant species should not be viewed as representing early steps into sociality but rather as outcomes from a long history of selection operating on preestablished social behavior.
